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Abstract 

Adsorption  heat  pumps  have  considerably  sparked  attentions  in  recent  years.  The  present  paper 
covers  the  working  principle  of  adsorption  heat  pumps,  recent  studies  on  advanced  cycles, 
developments  in  adsorbent-adsorbate  pairs  and  design  of  adsorbent  beds.  The  adsorbent-adsorbate 
pair  features  for  in  order  to  be  employed  in  the  adsorption  heat  pumps  are  described.  The  adsorption 
heat  pumps  are  compared  with  the  vapor  compression  and  absorption  heat  pumps.  The  problems 
and  troubles  of  adsorption  heat  pumps  are  classified  and  researches  to  overcome  the  difficulties  are 
discussed. 
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1.  Introduction 

Heating  and  cooling  systems  are  widely  used  in  industrial  and  comfort  applications. 
Nowadays,  the  share  of  the  energy  for  heating  and  cooling  purposes  in  total  energy 
consumption  increases.  Due  to  the  economical  benefits  resulting  from  high  coefficient  of 
performance  (COP)  values,  mechanical  heat  pump  systems  become  convenient  devices  for 
heating  and  cooling  purposes  [1,2].  However,  in  the  past  two  decades,  it  is  found  out  that 
the  mechanical  heat  pumps  and  traditional  refrigeration  systems  play  an  important  role  in 
the  depletion  of  the  ozone  layer  and  global  warming. 

For  the  protection  of  the  ozone  layer,  refrigeration  technology  should  continue 
developing  refrigeration  systems  without  ecological  damages.  Chlorofluorocarbons  and 
hydrochlorofluorocarbons  have  been  prohibited  for  the  protection  of  ozone  layer 
considering  new  environmental  regulations,  which  have  been  accepted  first  in  Montreal 
in  1988  and  in  Kyoto  in  1998.  According  to  the  new  regulations,  the  conventional  vapor 
compression  systems  are  currently  worked  by  using  hydrofluorocarbons  as  refrigerant. 
However,  the  use  of  these  new  refrigerants  has  also  been  restricted  due  to  limitation  of  the 
emission  of  some  greenhouse  gases  (CCF,  CH4,  N20,  hydrofluorocarbons,  PFC,  and  SF6) 
in  Kyoto  protocol.  The  greenhouse  gases  might  be  banned  in  the  next  decades  [3,4], 

Due  to  the  limitation  of  conventional  energy  sources,  beside  the  definition  of  traditional 
efficiency  or  performance  of  devices,  the  primary  energy  efficiency  must  also  be  considered. 
Since  the  mechanical  heat  pumps  work  by  electrical  power,  the  primary  energy  efficiency  of 
the  mechanical  heat  pumps  will  be  less  than  their  COP.  Recent  researches  on  heat  pumps 
are  mostly  focused  on  developing  more  environmental  friendly  new  systems  that  have  high 
primary  energy  efficiency  and  are  able  to  employ  various  kinds  of  energies  from  the  solar 
energy  to  waste  heat.  Adsorption  heat  pumps  that  have  advantage  of  being  environmental 
friendly,  provide  heating  and  cooling  effects  by  employing  thermal  energy  sources  such  as 
solar  and  geothermal  energies  or  waste  heat  of  the  industrial  processes.  Another  important 
advantage  of  this  type  of  heat  pump  is  the  ability  of  thermal  energy  storage.  In  this 
paper,  a  key  review  on  adsorption  heat  pump  researches  is  performed.  Brief  information 
about  working  principle  of  adsorption  heat  pump  is  presented.  The  advantages  and 
disadvantages  of  the  pump  are  explained.  The  difficulties  of  adsorption  heat  pump  are 
classified  in  this  paper.  The  key  studies,  which  have  been  performed  for  solution  of  these 
difficulties,  are  also  mentioned. 


2.  Adsorption  heat  pump  cycle 

A  basic  adsorption  heat  pump  cycle  consists  of  four  main  parts:  an  adsorber, 
which  is  a  container  filled  with  an  adsorbent  (such  as  zeolite,  active  carbon,  silica  gel,  etc.); 


H.  Demir  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  12  (2008  )  2381—2403 


2383 


Nomenclature 

Cp  specific  heat  (kJ/kg°C) 

COP  coefficient  of  performance 

AHa  heat  of  adsorption  (kJ/kg  adsorbate) 

AHV  heat  of  vaporization  (kJ/kg  adsorbate) 

m  mass  of  dry  adsorbent  (kg) 

mbed  mass  of  structure  of  adsorbent  bed  (kg) 

P  pressure  (kPa) 

Q  heat  transferred  (kJ) 

Quh  heat  of  isosteric  heating  process  (kJ) 

Qbc  heat  of  isobaric  desorption  process  (kJ) 

Qcd  heat  of  isosteric  cooling  process  (kJ) 

Qda  heat  of  isobaric  adsorption  process  (kJ) 

SCP  specific  cooling  power  (W/kg) 

SHP  specific  heating  power  (W/kg) 

T  temperature  (K) 

X  mass  fraction  of  adsorbed  adsorbate  per  dry  adsorbent  (kg  adsorbate/kg  dry 
adsorbent) 

Greek  symbol 

Tcyc  period  of  cycle 

Subscripts 

bed  adsorbent  bed 

c  condenser 

e  evaporator 

h  heating 

ref  cooling 

w  adsorbate 

z  adsorbent 


a  condenser;  an  evaporator;  and  an  expansion  valve.  Basically,  adsorption  heat  pump 
operates  by  cycling  adsorbate  between  adsorber,  condenser,  and  evaporator  [1-3].  In  the 
adsorption  heat  pump  cycle,  adsorption  phenomena  play  the  same  role  of  mechanical 
power,  so  that  the  working  fluid  can  be  circulated  in  the  cycle  without  any  mechanical 
power.  The  adsorption  heat  pump  cycle  works  between  three  temperatures  levels  (Fig.  1) 
whereas  a  vapor  compression  cycle  works  between  two  temperature  levels  and  needs  a 
mechanical  power. 

The  adsorption  heat  pump  cycle  can  be  considered  as  two  separate  cycles.  The  first  cycle 
is  a  heat  pump  in  which  the  working  fluid  is  vaporized  in  evaporator  by  taking  heat  (Qy) 
from  the  low-level  temperature  source  and  releasing  ( Qa )  heat  to  the  first  intermediate 
temperature  source.  This  cycle  represents  adsorption  process.  The  second  cycle  is  a  heat 
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Fig.  1.  Heat  transfer  configuration  of  ideal  adsorption  heat  pump  cycle  [1]. 


engine,  which  receives  heat  ( Qz )  from  the  high-temperature  source  and  releases  heat  ( Qc)  to 
the  second  intermediate  temperature  source.  The  transfer  of  heat  (Qc)  to  the  second 
intermediate  temperature  source  occurs  during  the  condensation  of  working  fluid  in 
condenser.  This  cycle  represents  desorption  process.  It  is  assumed  that  the  work  obtained 
in  the  heat  engine  is  employed  to  run  the  heat  pump.  The  temperatures  of  intermediate 
sources  ( Tc  and  Ta)  are  generally  close  to  each  other.  Thus,  three  temperature  levels  can  be 
considered  for  an  adsorption  heat  pump  and  the  ideal  coefficient  of  performance  of  an 
adsorption  heat  pump  cycle  can  be  obtained  as  [5-7]: 

For  cooling : 


COPref  = 


Or 

Qz 


1  ~(TC/TZ) 
(Tc/Tl)  -  1 


(1) 


For  heating : 


COph  =  ^r  = 

V.Z 


1  -  ( Tc/Tz ) 
{Tc/Tl)  -  1 ' 


(2) 


Fig.  2  illustrates  the  thermodynamic  cycle  of  a  basic  adsorption  heat  pump  on  an 
isoster  of  an  adsorbent-adsorbate  pair.  An  isoster  of  an  adsorbent-adsorbate  pair 
indicates  the  change  of  the  constant  amount  of  adsorbate  pressure  with  respect  to 
temperature.  The  isosters  of  the  adsorbent-adsorbate  pairs  are  helpful  diagrams  for 
determination  of  thermodynamical  cycle  of  adsorption  heat  pump  and  calculation  of  COP 
theoretically. 

An  adsorption  heat  pump  cycle  consists  of  four  steps  which  are  isosteric  heating  (a-b), 
isobaric  desorption  (b-c),  isosteric  cooling  (c-d)  and  isobaric  adsorption  (d-a)  as  shown  in 
Fig.  2. 

Isosteric  heating  (a-b):  The  valves  between  the  adsorbent  bed  and  the  condenser  and 
evaporator  are  closed.  The  temperature  of  adsorbent  bed  is  increased  from  77,  to  Tb  by 


II.  Demir  el  al.  /  Renewable  and  Sustainable  Energy  Reviews  12  (2008  )  2381—2403 


2385 


Qab  +  Qbc  Qda  +  Qcd 

u  tr 


Adsorbent 

bed 


-&-* — | 


Condenser 

Expansion 
valve  ^ 

7 

evaporator 

Qc 


Fig.  2.  Thermodynamic  cycle  of  a  basic  adsorption  heat  pump. 


heating  the  adsorbent  bed  without  desorption.  The  amount  of  heat,  which  should  be 
transferred  to  the  adsorbent  bed  to  increase  temperature  of  the  bed  from  T;l  to  Th  is  given 
by  the  following  relation: 


fTb 

Qab  —  /  U/(  C ' p:  -\-  X2  Cpyv)  +  n/'ned  f  '/;.hed  d  7  . 

J  T a 


(3) 


Isobaric  desorption  (b-c):  After  the  isosteric  heating  of  adsorbent  bed,  the  heating 
process  is  continued.  The  valve  between  the  adsorbent  bed  and  condenser  is  opened. 
Desorption  process  is  started  and  water  vapor  is  condensed  in  the  condenser.  The  pressure 
of  the  cycle  remains  constant.  As  is  seen  from  Eq.  (4),  a  part  of  the  heat  which  is 
transferred  to  the  adsorbent  bed  increases  the  temperature  of  adsorbate-adsorbent  pair 
and  adsorbent  bed  while  the  other  part  causes  the  desorption  process: 

Qbc  =  [  \m(Cp,z  +  xCP'W)  +  n?bed Cp.bed]  dT  +  [  m  AHa  dx.  (4) 

JTb  Jb 

Isosteric  cooling  (c-d):  The  valve  between  the  condenser  and  adsorbent  bed  is  closed 
and  the  temperature  of  adsorbent  bed  (Tc),  which  is  the  maximum  temperature  of  the 
cycle,  is  decreased  to  Td.  During  this  process,  both  the  pressure  and  temperature  of  the 
adsorbent  bed  are  decreased  to  the  evaporator  values: 

rTi 

Qcd  —  J  U/(  Cp  +  X\  Cp'w)  +  lllhal  (-7;. bed  d  T .  (5) 


Isobaric  adsorption  (d-a):  The  valve  between  the  adsorbent  bed  and  evaporator  is 
opened  and  vaporization  of  the  adsorbate  in  the  evaporator  is  started.  During  adsorbing  of 
the  adsorbate  in  the  adsorbent,  heat  is  released  due  to  heat  of  adsorption.  This  generated 
heat  should  be  removed  from  the  adsorbent  bed  and  the  temperature  of  adsorbate-adsor¬ 
bent  pair  and  container  should  be  decreased  to  Ta: 


lTd 


ni{  C,K::  +  .x C p.w)  T  ni\)a\  d'/j.bed]  d  7  T  /  mAHa  d.v. 


Qda  ~ 


(6) 
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The  heat  of  evaporation,  which  causes  cooling  effect  and  heat  of  condensation  which  can 
be  employed  for  heating  purposes,  can  be  determined  by  the  following  relation: 

fT„ 

Qe  —  m  Ax  AH,  +  /  m  AxC p  w  dT,  (7) 


Qc  =  m  Ax  A//v . 


(8) 


As  it  was  mentioned,  the  cooling  effect  in  cycle  occurs  during  the  isobaric  adsorption 
process  (d-a)  when  the  adsorbate  is  evaporated  by  gaining  heat  from  environment.  The 
heating  effect  appears  during  the  isobaric  desorption  process  (b-c)  when  the  adsorbate  is 
condensed  by  releasing  heat  to  surroundings.  In  addition  to  the  isobaric  desorption 
process,  the  adsorbent  bed  is  also  cooled  during  c-d  and  d-a  processes.  The  heat  released 
during  these  processes  can  also  be  utilized  for  heating  purposes  in  any  process  [8].  Hence, 
the  cooling  and  heating  COP  of  a  basic  adsorption  heat  pump  can  be  determined  as 


COPref  = 


Qe 

Qab  +  Qbc  ’ 


(9) 


p/\n  _  Qc  Qcd  Qda 

11  "  Qab  +  Qbc 


(10) 


Specific  cooling  or  heating  power  (SCP/SHP)  value  is  another  expression  that  describes  the 
effectiveness  of  the  system.  The  SCP/SHP  is  the  ratio  of  cooling/heating  power  per  mass  of 
adsorbent  per  cycle  time.  In  some  studies,  SCP/SHP  is  determined  according  to  cooling/ 
heating  power  per  cycle  time  and  per  mass  of  reactor  which  consists  of  mass  of  adsorbent, 
mass  of  heat  exchanger  in  the  adsorbent  bed,  mass  of  heat  transfer  fluid  (HTF)  and  mass 
of  container.  There  are  also  studies  in  which  SCP/SHP  is  calculated  based  on  the  ratio  of 
reactor  volume  and  cycle  time  to  cooling/heating  power.  According  to  the  authors,  the 
meaningful  definition  for  SCP/SHP  is  the  ratio  of  cooling/heating  power  to  the  mass  of 
adsorbent  and  cycle  time.  The  definition  of  SCP/SHP  involves  the  period  of  cycle  and 
contributes  the  comparison  of  various  adsorption  heat  pump  designs  [9-11]: 

SCP  =  -^~,  (11) 

WIT  eye 


gjjp  _  Qc  +  Qcd  +  Qda 

WIT  Cyc 


(12) 


3.  Advantage  and  disadvantage  of  adsorption  heat 

In  recent  years,  the  importance  of  adsorption  heat  pumps  and  adsorption  refrigeration 
systems  has  increased  since  these  kinds  of  systems  can  directly  utilize  the  primary  thermal 
energy  sources  and  additionally  the  waste  heat  generated  in  various  industrial  processes. 
The  important  advantages  of  the  adsorption  heat  pumps  can  be  described  as  follows: 

•  can  operate  with  thermal  driving  energy  sources  such  as  waste  heat,  solar,  and 
geothermal  energies,  etc.; 
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•  can  work  with  low  temperature  driving  energy  sources; 

•  do  not  require  moving  parts  for  circulation  of  working  fluid; 

•  have  long  life  time; 

•  operate  without  noise  and  vibration; 

•  have  simple  principle  of  working; 

•  do  not  require  frequent  maintenance; 

•  are  environmental  friendly  since  do  not  contain  any  hazardous  materials  for 
environment;  and 

•  can  be  employed  as  thermal  energy  storage  device. 

The  disadvantages  of  the  adsorption  heat  pump  systems  are  as  follows: 

•  have  low  COP  values; 

•  intermittently  working  principles; 

•  require  high  technology  and  special  designs  to  maintain  high  vacuum;  and 

•  have  large  volume  and  weight  relative  to  traditional  mechanical  heat  pump  systems 
[3,4,12]. 


4.  Comparison  of  heat  pumps 

The  comparison  of  the  adsorption  heat  pump  with  the  conventional  heat  pumps  which  are 
mechanical  and  absorption  heat  pumps  contributes  understanding  of  the  present  position 
and  future  of  adsorption  heat  pumps.  Table  1  illustrates  the  comparison  of  COP  values  of 
adsorption  heat  pump  system  with  absorption  and  mechanical  heat  pump  systems.  The 
values  of  COP  in  this  table  are  obtained  based  on  studies  mentioned  in  Table  2. 

As  is  seen,  the  COP  value  of  the  vapor  compression  heat  pumps  is  higher  than  thermal 
driven  pumps  with  incomparable  huge  difference.  This  is  the  major  advantage  of  the 
mechanical  driven  heat  pumps;  however,  thermal  driven  heat  pumps  have  many  other 
advantages  which  force  industry  to  employ  them.  Thermal  driven  heat  pumps  operate  with 
waste  heat  or  any  kind  of  thermal  energy  source.  The  use  of  waste  heat  as  a  driving  energy 
in  adsorption  heat  pump  does  not  only  recover  the  energy  which  is  thrown  away,  but  also 
offer  a  zero  operational  cost  system.  The  sustainable  energy  sources  such  as  solar  and 
geothermal  energies  can  be  employed  in  thermal  driven  heat  pumps.  This  feature  is  the 
other  advantage  for  this  kind  of  heat  pumps.  It  should  be  kept  in  mind,  the  vapor 


Table  1 

Coefficients  of  performance  of  heat  pump  systems  for  cooling 


Types  of  heat  pumps  and  working  pairs 

Coefficient  of  performance  (COP,ef) 

Adsorption 

Carbon-methanol 

0.12-1.06 

Zeolite-water 

0.28-1.4 

Silica  gel-water 

0.25-0.65 

Absorption 

Methanol-water 

0.7-1. 1 

Lithium  bromide-water 

Vapor  compression 

3^1 

Table  2 

Some  researched  system  in  literature 


References 

Ref. 

no. 

Adsorbent-adsorbate  pair 

Condensation 

temperature 

(°C) 

triku 

[i] 

Natural  zeolite-water 

53 

Ulkii 

[2] 

Natural  zeolite-water 

52 

Gui 

[8] 

Carbon-methanol 

36 

Poyelle  et  al. 

[9] 

Zeolite-water 

40 

Ulkii  and 
Mobedi 

[12] 

Carbon-methanol-zeolite-water 

carbon-ammonia 

Douss  and 
Meunier 

[13] 

Zeolite-water-carbon-methanol 

35 

Szarzynski  et 
al. 

[14] 

Zeolite-water 

35 

Pons  and 
Szarzynski 

[15] 

Zeolite-water 

45 

Hamamoto 

et  al. 

[18] 

Silica  gel-water 

30 

Khan  et  al. 

[20] 

Silica  gel-water 

30 

Cerkvenik  et 
al. 

[23] 

Zeolite  13X-LiBr-Water 

27  to  35 

Evaporation  Regeneration  COP  Remarks 

temperature  temperature 

(°C)  fC) 


27 

123 

0.34 

Natural  zeolite  seem  as 
alternative  adsorbent  for 
adsorption  heat  pump  system. 

25 

200 

0.4 

Natural  zeolite  seem  as 
alternative  adsorbent  for 
adsorption  heat  pump  system. 

9 

110 

The  system  is  driven  by  waste 
heat  exhausted  from  engine. 

4 

230 

0.74 

The  bed  design  enhanced  mass 
and  heat  transfer  rate. 

Common  used 

adsorbent-adsorbate  pairs  are 
investigated. 

25 

220  for  zeolite 
bed,  100  for 
carbon  bed 

1.06 

Heat  required  during 
regeneration  of  Carbon  bed  is 
provided  from  zeolite  beds. 

3 

120  to  360 

single 

0.3-0.38, 

double 

0.5-0.73 

Effect  of  regeneration  system 
temperature  on  COP  of  system. 

3 

290 

Influence  of  physical  properties 
of  heat  transfer  fluid  on  AHP 
system. 

14 

55 

0.25 

Amount  of  adsorbent  is 
allocated  to  adsorbent  beds  and 
effect  of  mass  ratio  is 
investigated. 

14 

60 

0.3-0.65 

Effect  of  silica  gel  mass  on  COP 
is  investigated. 

12  to  6 

110 

0.33 

Zeolite-water  adsorption 
system  is  combined  LiBr-water 
absorption  system  for 
providing  continuous  system. 
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Wang  et  al. 

[25] 

Zeolite  13X- Water 

40 

Restuccia 
et  al. 

[26] 

Zeolite-water 

50 

Hamamoto 

et  al. 

[27] 

AC-methanol 

-5  to  35 

Chua 

[28] 

31 

Tatlier  and 
§enatalar 

[29] 

Zeolite-water 

20 

Meunier 

[30] 

Zeolite-water 

40 

Bonarccorsi 
et  al. 

[31] 

Zeolite-water 

40 

Riffat  et  al. 

[32] 

AC-HFC  refrigerant 

-5 

Bonarccorsi 

and 

Proverbio 

[33] 

Zeolite-water 

Lambert 

[34] 

Carbon-ammonia 

35 

Saha  et  al. 

[35] 

Carbon  fiber-ethanol 

30 

Al-Ansari 
et  al. 

[36] 

Zeolite-water 

98 

Tatlier  and 
Senatalar 

[37] 

Zeolite-water 

20 

10 

150 

— 

3 

210 

-20  to  +15 

40-100 

0.38 

15 

86 

0.41 

2 

150 

0.3 

0 

350 

0.94 

7 

200 

0.46 

-60 

150 

0.43 

-15  160  1.20 

80 

82  103 

2  135 


Polyaniline/Zeolite  composite 
is  prepared  for  enhancement  of 
heat  transfer  of  adsorbent  bed. 
Optimum  coating  thickness  is 
determined. 

Mass  transfer  is  enhanced  by 
using  activated  carbon  fiber. 
Compared  two  bed  scheme 
with  four-bed  scheme  that 
improves  the  recovery 
efficiency  by  about  70%. 
Lighter  adsorption  heat  pump 
system  can  be  obtained  with 
using  polymeric  heat  exchanger 
tubes. 

.008  Exergy  analysis  of  four 

cascades  cycled  heat  pump 
systems  is  performed. 

Open  cell  copper  foam  is 
applied  on  AHP  for  improving 
heat  transfer  properties. 

System  requires  operating 
pressure  about  8  bars  for  HFC 
as  adsorbate. 

Optimization  of  zeolite  coating 
process  on  stainless  steel  tube. 

A  new  configuration  provides 
the  higher  contact  area  between 
adsorbent  and  heat  exchanger. 
Adsorbent  bed  generally  has 
heavy  weight.  Adsorber  must 
be  designed  lightweight  to 
reduce  sensible  heat  losses  from 
body. 

Waste  heat  of  evaporation 
desallination  process  is  used  for 
cooling  purposes  by  AHP. 
Optimum  coating  thickness  is 
determined. 
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Table  2  ( continued ) 


References 

Ref. 

no. 

Adsorbent-adsorbate  pair 

Condensation 

temperature 

(°C) 

Tatlier  and 
§enatalar 

[38] 

Zeolite-water 

20 

Tatlier  and 
§enatalar 

[39] 

Zeolite-water 

Wu  et  al. 

[40] 

Carbon-methanol 

Sakoda  and 
Suzuki 

[41] 

Silica  gel-water 

35 

Aittomaki 

and 

Harkonen 

[42] 

Zeolite-methanol 

55 

Critoph 

[43] 

Carbon-water 

42 

Lemini  and 
Meunier 

[44] 

A.  carbon-methanol 

Ramos  et  al. 

[45] 

Zeolite-water 

Hening  and 
Glaser 

[46] 

Silica  gel-water 

Sumathy 

[47] 

A.  carbon-methanol 

35 

Dechang 
et  al. 

[48] 

A.  carbon-methanol 

Tatlier  and 
Senatalar 

[49] 

Zeolite-water 

20 

Wu  et  al. 

[50] 

A.  carbon-methanol 

27 

Tahat 

[51] 

Silica  gel-water 

Evaporation 

temperature 

(°C) 


Regeneration  COP 

temperature 

(°C) 


Remarks 


2 

151 

The  effects  of  thermal  and  mass 
diffusivities  on  the  performance 
of  AHP  is  studied. 

Optimum  coating  thickness  is 
determined  for  zeolite  type 
(13X  and  4A). 

7 

90 

Influence  of  adsorption  and 
desorption  capacity  on 
operating  process  for  AHP  is 
studied. 

5 

100 

Solar  energy  driven  adsorption 
heat  pumps  are  studied. 

-5 

155 

1.34 

Mini  scale  (lab)  apparatus  is 
constructed. 

0 

250 

0.95 

Forced  convection  is  used  for 
improving  mass  transfer. 

0.114 

Adsorptive  solar  refrigeration 
system  is  simulated. 

Solar  energy  driven  AHP  is 
designed. 

0.6 

AHP  system  is  applied  on  air- 
conditioning  of  buildings. 

-10 

100 

0.12 

Solar  powered  AHP  is  used  for 
ice-making. 

Dynamic  simulation  of  AHP  is 
studied. 

2 

Solar  powered  AHP  is  studied 
with  zeolite  coated  adsorbent 
bed. 

-10 

100 

0.5 

Dynamic  analysis  of  heat 
recovery  process  for  AHP. 

Lab  scale  AHP  system  is 
constructed. 
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Tatlier  and 
§enatalar 

[52] 

Zeolite-water 

Oertel  et  al. 

[53] 

Silica  gel-methanol 

Hening 

[54] 

Silica  gel-water 

Rothmeyer 
et  al. 

[55] 

Zeolite-water 

Gross  and 
Dawoud 

[56] 

Zeolite-water 

Metcalf 

[57] 

Carbon-ammonia 

Nunez  et  al. 

[58] 

Silica  gel-water 

De  Boer 

et  al. 

[59] 

Silica  gel-water 

Telto 

[60] 

Carbon-ammonia 

Thorpe  et  al. 

[61] 

CaCl2  +  Al203-Ammonia 
CaCl2  +  A.  carbon-Ammonia 

Hamamoto 

et  al. 

[62] 

Silica  gel-water 

Hauer 

[63] 

Silica  gel-water  Zeolite-water 

Wang  et  al. 

[64] 

Silica  gel-water 

20 

30 

35 


30  to  50 

35  to  45 

20 

20 

30 


30.5 


2 


151 


Effect  of  metal  mass  on  the 
performance  of  AHP. 


0 

85 

0.3 

Solar-hybrid  powered  AHP 
system  is  designed  and  applied 
for  decentralized  cold  storage 
of  agricultural  products. 

10 

80 

0.6 

AHP  system  is  applied  on  air- 
conditioning  of  buildings. 

96 

1.4 

One  of  the  first  applications. 

10  to  40 

150 

0.43-1.04 

New  construction  is  designed 
and  tested  for  zeolite-water 
AHP  system. 

15 

130-195 

0.6-0.62 

Computer  simulation  model  of 
an  isothermal 

carbon-ammonia  AHP  bed  is 
developed  in  MATLAB 
software. 

10  to  20 

80-95 

0.5 

Small  capacity  AHP  is 
constructed  and  tested  for 
heating  and  cooling 
applications. 

15  to  20 

95 

Compact  solid  sorption  heat 
pump  is  developed  and  tested. 

9.5 

150 

0.3 

Experimental  test  of  compact 
sorption  generator  prototype. 
Ammonia  adsorption  behavior 
on  new  adsorbent  composite 
materials. 

14 

55-65 

0.117-0.143 

Development  of  hybrid 
desiccant  cooling  system 
combined  with  2  stage 
adsorption  chiller. 

Comparison  of  adsorbents 
(zeolite  &  silica  gel)  due  to  their 
energy  storage  capacity. 

15.1 

55-67 

0.32-0.4 

Novel  adsorption  chiller  is 

developed  and  tested. 
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Table  2  ( continued ) 


References 

Ref. 

Adsorbent-adsorbate  pair 

Condensation 

Evaporation 

Regeneration 

COP 

Remarks 

no. 

temperature 

temperature 

temperature 

(°C) 

(°C) 

(°C) 

Wang  et  al. 

[65] 

Silica  gel-water 

30 

15 

60-92 

0.4 

Micro  adsorption  chiller  is 
applied  on  natural  gas  &  LPG 
power  cogeneration  system. 

Elgowainy 

[66] 

A.  carbon-ammonia 

Cooling 

Two  ton  solid  sorption  heat 

et  al. 

0.36,  heating 

pump  system  is  built  and  tested 

1.1-1.15 

for  cooling  and  heating 
performance  evaluations. 

Restuccia 

[67] 

SWS-water 

35 

10 

90 

0.17-0.48 

Advanced  solid  sorption  chiller 

et  al. 

based  on  coated  heat  exchanger 
with  SWS  is  tested  and 
achieved  a  cycle  time  of 

20-40  min. 

Wu  et  al. 

[68] 

Silica  gel-water 

0.427-0.434 

Effects  of  variation  of  heat 
source  on  COP  of  AHP  are 
investigated. 

Wang  et  al. 

[69] 

CaCl2  +  A.  carbon-ammonia 

-20 

135 

0.36 

Ice-making  system  uses  heat 
pipe  principle  to  perform  the 
heating  and  cooling  process  for 
adsorber. 

Schanbel 

[70] 

95 

Experimental  and  numerical 

and  Henning 

simulation  of  water  vapor 
adsorption  behavior  on 
different  adsorbents. 

Choi  and 

[71] 

Silica  gel-water 

40 

25 

100 

Development  of  micro 

Jeong 

refrigeration  system. 

Dawoud 

[72] 

Zeolite-water-S  W  S-water 

55 

-5 

122 

0.28 

Hybrid  adsorption  cooling  unit 
for  vaccine  storage  utilizing 
solar  energy  as  main  power 
supply  and  a  gas  burner  as  an 
alternative  power  supply  is 
developed  and  tested. 
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compression  heat  pumps  operate  with  electrical  power  which  is  generally  produced  by  the 
heat  of  fossil  fuels.  Thus,  the  primary  energy  efficiency  of  mechanical  heat  pumps  will  be 
less  than  their  COP  values  due  to  energy  losses  occur  in  power  plants  and  compressors, 
and  during  transfer  of  electrical  power. 

From  the  practical  application  point  of  view,  the  major  advantage  of  the  adsorption  heat 
pumps  is  that  they  do  not  need  maintenance  for  long  periods  since  they  do  not  contain  any 
moving  parts  or  in  advanced  systems  they  have  a  few  simple  moving  parts.  The  life  time  of 
absorption  heat  pump  is  shorter  than  adsorption  one  due  to  problem  of  salt  corrosion. 
Moreover,  the  absorbent  used  in  absorption  system  should  be  changed  every  4-5  years.  In 
adsorption  heat  pump,  the  system  does  not  require  changing  of  the  adsorbent-adsorbate 
pairs  for  a  long  period  of  time.  No  corrosive  chemical  materials  are  employed  in  adsorption 
heat  pump  systems.  As  it  was  mentioned  before,  the  vapor  compression  heat  pumps  use 
toxic  and  greenhouse  gases.  Some  of  refrigerants  have  been  banned  and  others  will  be 
prohibited  in  future.  These  problems  of  mechanical  heat  pumps  increase  attractions  on 
adsorption  heat  pump  systems  and  make  them  comparative  even  respect  to  the  absorption 
heat  pumps,  which  are  another  kind  of  thermal  driven  heat  pumps. 

5.  Adsorption  heat  pump:  problems  and  solutions 

The  application  of  adsorption  heat  pumps  has  their  own  difficulties  and  problems.  An 
intermitted  principle  of  working,  high  technology  for  working  under  high  vacuum  and 
design  of  adsorbent  bed  in  which  a  coupled  heat  and  mass  transfer  forms  are  some  of  these 
difficulties.  The  studies  on  the  adsorption  heat  pumps  are  focused  on  developing  an 
adsorption  heat  pump  system,  which  can  technically  and  economically  be  a  serious 
alternative  to  the  conventional  systems. 

The  aim  of  researchers  is  to  develop  an  adsorption  heat  pump  which 

•  has  continuous  cooling  or  heating  process, 

•  has  high  COP  values, 

•  can  operate  with  lower  temperature  driving  energy,  and 

•  has  practical  design  for  construction  and  application. 

The  list  of  the  performed  study  is  shown  in  Table  2.  The  employed  adsorbent-adsorbate 
pair,  condensation  and  evaporation  temperatures,  desorption  temperature  of  the  studies 
are  given  in  the  table.  The  COP  values  for  the  studies  in  which  the  cycle  is  theoretically  or 
experimentally  achieved  are  also  presented.  Some  studies  have  been  focused  on  bed  design 
or  solution  of  heat  and  mass  transfer  equations.  Thus,  no  COP  value  is  given  for  those 
studies.  The  aim  or  result  of  studies  is  explained  in  the  remarks  column.  Thus,  the  reader 
can  easily  follow  studies  in  this  table. 

Based  on  a  detailed  literature  survey,  the  performed  studies  on  the  adsorption  heat 
pumps  can  be  categorized  into  three  areas.  The  studies  are  performed  on 

•  advanced  adsorption  cycles  in  order  to  increase  COP,  operate  with  lower  temperature 
driving  heat  source  and  provide  continuous  cooling  or  heating  process; 

•  new  adsorbent-adsorbate  pairs  or  promoting  the  existence  pairs  in  order  to  increase 
adsorption  rate,  enhance  COP  and  decrease  the  temperature  of  driving  heat  source;  and 

•  design  of  an  adsorbent  bed  for  appropriate  heat  and  mass  transfer. 
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5.1.  Advanced  adsorption  heat  pump  cycles 

Literature  survey  has  shown  that  many  studies  on  adsorption  heat  pump  have  been 
performed  in  order  to  increase  the  COP  values  and  provide  a  continuous  cooling  or 
heating  process.  In  the  most  of  papers,  the  developed  systems  have  been  called  as  advanced 
adsorption  heat  pump  cycles.  The  continuity  of  cooling  and  heating  processes  is  generally 
provided  by  increasing  the  number  of  adsorbers.  The  increase  of  COP  is  obtained  by 
recovering  and  utilizing  heat,  which  is  transferred  during  isosteric  cooling  (c-d)  and 
isobaric  adsorption  (d-a)  in  another  adsorption  cycle.  This  increases  the  COP  of  cycle 
since  the  amount  of  external  heat  supplied  to  the  cycle  is  reduced.  The  advanced  cycles  can 
be  categorized  into  two  groups,  which  are  briefly  explained  in  this  section  [3,13]. 

5.1.1.  Uniform  temperature  adsorber  process 

These  systems  consist  of  two  or  more  adsorbers,  operating  with  the  same  refrigerant,  a 
single  evaporator  and  a  single  condenser.  A  general  view  of  the  uniform  temperature 
adsorber  cycle  is  shown  in  Fig.  3.  In  this  system,  one  of  the  adsorbers  is  preheated  with 
rejection  heat  of  another  adsorber  which  is  under  the  cooling  process.  The  transfer  of  heat 
between  the  adsorbers  is  performed  by  a  heat  transfer  fluid.  The  process  continues  until  both 
adsorbers  reach  to  the  same  temperature  (G  and  H).  After  this  period  of  heat  recovery,  one 
adsorber  is  heated  by  the  external  heat  source  (GD)  while  the  other  one  is  cooled  by  the 
external  heat  sink  (HA)  [10].  Although  each  adsorber  follows  exactly  the  same  cycle  as  the 
basic  adsorption  heat  pump  cycle,  the  heat  which  is  supplied  to  the  total  system  decreases. 
This  type  of  advanced  cycle  results  in  enhancement  of  the  COP  up  to  50%  [3,13,14]. 

Dous  and  Meunier  [13]  have  proposed  and  made  another  alternative  adsorption  cycle. 
The  proposed  adsorption  cycle  consists  of  two  cycles,  a  zeolite-water  cycle  for  high- 
temperature  stage  and  an  active  carbon-methanol  cycle  for  low-temperature  stage.  The 
heat  which  should  be  transferred  to  the  active  carbon-methanol  cycle  for  isosteric  heating 
and  isobaric  desorption  processes  is  completely  obtained  from  the  zeolite-water  cycle. 
The  driving  energy  for  zeolite-water  cycle  is  supplied  from  an  external  heat  source. 
The  experimental  COP  for  cooling  was  found  as  1.06. 


Fig.  3.  Working  principle  of  an  adsorption  cycle  with  uniform  temperature  adsorbers  [14]. 
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5.1.2.  Thermal  wave  process 

The  system  is  composed  of  two  or  more  adsorbers,  a  condenser  and  an  evaporator.  The 
working  principle  of  a  thermal  wave  process  is  shown  in  Fig.  4.  The  cycle  consists  of  two 
adsorbers  which  are  called  as  adsorber  1  and  2.  A  heat  transfer  fluid  is  circulated  between  the 
two  adsorbers.  While  adsorber  1  is  under  cooling,  the  adsorber  2  is  under  heating  process  and 
vice  versa.  For  the  case  shown  in  Fig.  4,  the  heat  which  is  recovered  from  the  adsorbent  1  is 
transferred  to  the  heat  transfer  fluid.  The  heating  of  fluid  is  continued  to  desorption 
temperature  by  a  heating  system  and  then  it  is  fed  to  adsorber  2  for  the  isobaric  desorption 
process.  After  leaving  of  heat  transfer  fluid  from  adsorber  2,  it  is  cooled  by  a  cooler  to  be  fed 
into  the  adsorber  1 .  Hence,  the  heat  transfer  fluid  completes  a  cycle  in  the  system.  A  reversible 
pump  is  used  to  change  flow  direction  of  heat  transfer  fluid  for  the  reverse  process,  when  the 
adsorber  2  is  under  cooling  and  adsorber  1  is  under  heating  stage  [3,13-16]. 

As  it  was  mentioned  before,  many  studies  which  have  been  performed  to  increase  the 
COP  of  the  adsorption  heat  pumps  can  be  found  in  literature.  Among  those  studies,  the 
system  of  Saha  et  al.  [17]  and  Hamamoto  et  al.  [18]  is  remarkable.  They  worked  on  an 
advanced  two  stages  adsorption  heat  pump  cycle  and  improved  the  thermal  wave  process 
by  employing  two  additional  adsorbers  in  cycle.  They  found  that  the  cooling  capacity  of 
two  stages  adsorption  heat  pump  can  be  improved  by  allocating  required  adsorbent  mass 
between  adsorbers.  The  main  advantage  of  the  improved  two  stages  adsorption  heat  pump 
is  being  capable  to  utilize  low  temperature  solar/waste  heat  (40-95  °C)  as  driven  heat 
source  [17-20]. 

5.2.  Adsorbent- adsorbate  pairs 

The  adsorbent-adsorbate  pair,  which  must  be  compatible  with  the  environment,  is  one 
of  the  important  parts  of  adsorption  heat  pump  system.  Main  requirements  of  the 
adsorbate  are  high  latent  heat,  non-corrosive,  non-toxicity  and  good  thermal  and  chemical 
stability  within  the  working  conditions  (temperature  and  pressure  ranges).  On  the  other 
hand,  adsorbents  should  have  high  adsorption  capacity,  high  thermal  conductivity,  low 
cost  and  also  thermal  stability.  Zeolite-water,  active  carbon-methanol,  silica  gel — water, 
and  carbon-ammonia  are  some  of  the  common  adsorbent-adsorbate  pairs  used  in 
adsorption  heat  pump  systems  [21-23]. 


Liquid  refrigerant 


Fig.  4.  Working  principle  of  an  adsorption  heat  pump  cycle  with  thermal  wave  process  [15]. 
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Another  important  criterion  for  the  selection  of  appropriate  adsorbent-adsorbate  pair  is 
the  type  of  interaction  between  solid  adsorbent  and  vapor  adsorbate.  The  interaction 
between  adsorbent  and  adsorbate  is  called  as  adsorption.  In  an  adsorption  process, 
adsorbate  interacts  on  solid  surface  of  adsorbent  with  cohesive  forces  including  van  der 
Waals  forces  and  hydrogen  bond.  There  are  two  types  of  adsorption  which  are  called  as 
physical  and  chemical  adsorptions.  The  physical  adsorption  or  physisorption  is  caused  by 
van  der  Waals  forces  and  chemical  adsorption  or  chemisorption  involves  valence  forces.  In 
adsorption  heat  pumps,  the  adsorption  and  desorption  processes  have  to  be  reversible  to 
provide  repetition  of  the  same  cycle.  Therefore,  the  interaction  between  adsorbent  and 
adsorbate  must  be  a  physical  adsorption  type  [4,23]. 

Table  3  illustrates  the  comparison  of  adsorbent-adsorbate  pairs  according  to  maximum 
adsorbate  capacity,  heat  of  adsorption  values,  adsorbent  specific  heat,  energy  density,  and 
operating  temperature  range  [12].  For  the  selection  of  a  convenient  adsorbent  adsorbate 
pair  not  only  the  adsorption  capacity,  which  may  seem  the  most  important  parameter,  but 
also  the  other  properties  such  as  operating  temperature  range,  reversibility  and  cost  must 
also  be  considered. 

For  many  adsorbent-adsorbate  pairs,  the  adsorption  heat  pump  cycle  operates  under 
high  vacuum.  It  is  difficult  to  maintain  the  operation  pressure  in  a  high  vacuum  for 
a  long  time.  This  requires  vacuum  technology,  special  materials  and  gaskets  which 
increase  the  cost  of  adsorption  heat  pump  and  cause  the  use  of  heavier  containers. 
Some  studies  have  been  performed  to  obtain  systems  that  can  operate  at  moderate 
evaporation  or  condensation  pressure.  Wang  and  Zhu  [24]  have  proposed  an  innovative 


Table  3 

Comparisons  of  adsorbent-adsorbate  pairs  (Ulkii  and  Mobedi  [12]) 


Adsorbate-adsorbent 

Maximum 

adsorbate 

capacity 

(kg/kg)a 

Average  heat 
of  adsorption 
(kJ/kg 
adsorbate)3 

Adsorbent 
specific  heat 
(kJ/kg)“ 

Energy 

density 

(kJ/kg 

adsorbate) 

Temperature 
range  (°C) 

Water-zeolite  4A 

0.22 

4400 

1.05 

1250 

30-350 

Water-zeolite  5A 

0.22 

4180 

1.05 

1200 

30-350 

Water-zeolite  MgA 

0.29 

3400 

1.06 

800 

60-250 

Water-zeolite  13X 

0.30 

4400 

0.92 

1290 

30-350 

Water-zeolite  13X 

0.27 

0.84 

930 

20-300 

Water-zeolite  10A 

0.20 

4000 

897 

50-250 

Water-zeolite  13X 

0.27 

3400 

1.06 

1200 

30-350 

Water-clinoptilolite 

0.12 

3000 

1.11 

480 

20-240 

Water-mordenite 

0.11 

4000 

419 

30-350 

Water-chabazite 

0.17 

3000 

1.08 

700 

30-250 

Water-charcoal 

0.40 

2320 

1.09 

1200 

30-250 

Water-ac.  alumina 

0.19 

2480 

1.00 

660 

30-250 

Water-silica  gel 

0.37 

2560 

0.88 

1000 

30-150 

Water-silica  gel 

0.20 

2500 

1.045 

600 

20-130 

Methanol-zeolite  13X 

0.20 

2400 

1.07 

Methanol-zeolite  4A 

0.16 

2300 

1.07 

Methanol-zeolite  5A 

0.17 

2300 

1.07 

Methanol-zeolite  5A 

0.17 

2300 

1.07 

Methanol-ac.  carbon 

0.32 

1400 

0.9 

590 

20-140 

“Energy  densities  were  calculated  using  the  data  given  in  the  reference  for  possible  maximum  load. 
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(A-Water) 

b 

:: . ,/i 

A 

M  id  i 

-  1/T 


(C-Ammonia/W  ater) 


Fig.  5.  Ideal  cycle  of  the  system  on  isosteric  graphs  for  single  and  binary  working  fluid  [24], 


adsorption  heat  pump  cycle  which  operates  with  binary  working  fluid  NH3  and  H20. 
The  differences  between  the  cyclic  behaviors  of  the  single  and  binary  working  fluid 
systems  are  shown  in  Fig.  5.  The  operation  pressure  of  the  water-zeolite  system  is  low  and 
requires  high  vacuum  in  the  cycle  (Fig.  5A),  however,  the  NH3-zeolite  cycle  operates  at 
higher  pressure  which  is  4-11  times  higher  than  the  ambient  pressure  (Fig.  5B).  With  an 
appropriate  mixing  of  ammonia  and  water,  a  cycle  which  operates  with  a  pressure  close  to 
ambient  pressure  can  be  obtained  as  shown  in  Fig.  5C.  This  improvement  may  solve  one  of 
the  problems  of  the  adsorption  heat  pump  which  is  working  under  high  vacuum  [24]. 

5.3.  Adsorbent  bed  design 

The  design  of  adsorbent  bed  is  the  other  difficulty  of  adsorption  heat  pumps.  Adsorbent 
bed  requires  a  special  design  for  controlling  heat  and  mass  transfer.  Theoretical  studies 
have  shown  the  influence  of  both  heat  and  mass  transfer  kinetics  on  performance  of 
adsorption  heat  pump  system  [16].  Since  thermal  conductivity  of  adsorbents  is  generally 
low,  heat  is  transferred  slowly  through  the  adsorbent  bed  as  well  as  the  periods  of 
adsorption  and  desorption  processes  become  longer.  The  mass  transfer  depends  on 
adsorbate  flow  through  the  bed  (interparticle  flow)  and  through  the  adsorbent 
(intraparticle  diffusion  due  to  concentration  differences,  molecular  diffusion,  Knudsen 
diffusion,  and  surface  diffusion).  In  order  to  determine  temperature  and  concentration 
profiles  in  the  adsorbent  bed,  heat  and  mass  transfer  equations  have  to  be  solved  for  the 
adsorber.  The  governing  equations  for  transport  of  heat  and  mass  are  coupled  and  should 
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be  solved  simultaneously.  The  results  produce  important  information  for  designing  of 
adsorbent  bed  to  estimate  the  capacity  of  adsorption  for  the  given  period. 

Experimental  studies  have  also  been  performed  to  improve  mass  and  heat  transfer  rates 
in  adsorbent  beds.  Literature  survey  shows  that  the  design  of  adsorbent  bed  can  be 
classified  according  to  the  form  of  adsorbent. 


5.3.1.  Uncoated  type  adsorber 

In  this  type  of  adsorbent  bed,  pellet,  granule  or  fiber  adsorbent  is  generally  employed. 
Adsorbent  is  not  treated  and  used  as  it  is  received  from  the  manufacturer.  However,  there 
are  some  studies  in  which  adsorbent  is  formed  to  a  specific  shape.  The  adsorbate  moves  in 
voids  between  pellet  or  granule  and  then  adsorbed  in  the  adsorbent.  Based  on  porosity  of 
the  bed,  convection  and  diffusion  of  adsorbate  between  pellets  can  be  considered  or 
removed  in  the  heat  and  mass  transfer  equations.  Fins  can  be  employed  in  order  to 
increase  heat  transfer  rate  in  the  bed;  however,  mass  transfer  rate  through  the  bed  is 
improved  by  creating  voids  in  the  bed.  Some  examples  of  uncoated  type  adsorbers  are 
shown  in  Fig.  6.  Fig.  6a  depicts  slim  thin  wall  shell  tube  adsorber  designed  for  improving 


Fig.  6.  Photograph  of  untreated  type  of  adsorbent  bed  designs. 
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heat  transfer  rate  by  Gui  et  al.  [8].  The  activated  carbon  used  as  adsorbent  which  is  placed 
among  the  tubes  that  are  used  for  heating  and  cooling.  The  rib  pieces  on  tubes  increase 
heat  transfer  rate  from  the  tubes  to  the  activated  carbon,  since  the  surface  of  heat  transfer 
is  increased.  Saha  et  al.  [35]  employed  activated  carbon  fiber  as  adsorbent.  Activated 
carbon  fibers  have  higher  total  pore  volume,  surface  area  and  adsorption  capacity  than 
silica  gel  particles.  Moreover,  adsorption/desorption  isotherm  shows  that  activated  carbon 
fibers  do  not  have  adsorption/desorption  hysteresis.  Activated  carbon  fibers  are  packed 
tightly  inside  oxygen-free  copper  fins  as  shown  in  Fig.  6b.  Critoph  et  al.  [73]  developed 
prototype  of  a  fast  cycle  adsorption  refrigerator  that  is  composed  of  laminate  of 
monolithic  carbon  discs  and  aluminum  fins  as  shown  in  Fig.  6c.  The  monolithic  carbon  is 
mixed  with  organic  binder,  compressed  and  bred. 

5.3.2.  Coating  type  adsorber 

In  this  type  of  adsorber,  adsorbent  is  coated  around  a  pipe,  fin  or  in  metal  foam.  This 
type  of  adsorbent  bed  generates  high  speed  heat  and  mass  transfer.  Diffusion  in  the 
adsorbent  is  accepted  as  the  main  mechanism  of  mass  transfer  since  there  is  no  void  in  the 
coated  the  adsorbents.  Fig.  7a  shows  a  coated  stainless  steel  tube  with  adsorbent  for 
improving  heat  and  mass  transfer  rate  in  bed.  This  method  allows  obtaining  high  specific 
power  adsorption  heat  pump  [26].  Restuccia  et  al.  [67]  designed  an  adsorbent  bed  which  is 
made  of  finned  tubes  covered  with  SWS-1L  (CaCl2  in  mesoporous  silica  gel)  adsorbent  as 
shown  in  Fig.  7b.  The  optimal  cycle  time  of  system  is  20^10  min  and  a  cooling  COP  is 
varies  between  0.17  and  0.48.  Bonaccorsi  et  al.  [31]  prepared  open-cell  copper  foam  as 


Fig.  7.  Photograph  of  coated  type  of  adsorbent  bed  designs. 
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metal  support  for  adsorbent  bed  as  shown  in  Fig.  7c.  The  zeolite  adsorbent  is  grown  by 
hydrothermal  synthesis  on  this  metal  support  as  shown  in  Fig.  7d. 


6.  Conclusions 

Due  to  the  ecological  problems,  mechanical  heat  pumps  will  face  a  serious  crisis  in  the 
future  if  a  solution  is  not  found  for  working  fluids  by  heat  pump  and  refrigeration 
industry.  Adsorption  heat  pumps  are  serious  alternative  for  mechanical  heat  pumps  since 
they  do  not  contain  any  hazardous  materials  for  environment.  Researches  have  indicated 
that  adsorption  heat  pump  systems  promise  a  potential  for  competing  with  the  other 
conventional  systems  which  are  absorption  and  vapor  compression  heat  pumps.  One  of  the 
advantages  of  adsorption  heat  pumps  is  operation  with  thermal  heat  source  and 
particularly  waste  heat.  The  COP  of  adsorption  heat  pumps  is  not  high,  compared  to 
the  other  conventional  heat  pumps.  They  have  other  problems  and  difficulties  during  the 
design  and  production  such  as  leakage,  high  vacuum,  poor  mass,  and  heat  transfer. 
However,  many  researches  are  performed  to  develop  innovative  designs  and  cycles  in  order 
to  eliminate  those  problems  and  enhance  COP  values.  The  researches  are  also  focused  on 
the  solutions  for  the  problem  of  leakage  and  high  vacuum  in  adsorption  heat  pump 
systems  since  the  cycle  has  to  be  repeated  for  many  times  under  the  same  operation 
pressures.  Novel  designs  for  adsorbent  bed  are  being  searched  to  increase  heat  and  mass 
transfer  rates  that  directly  influence  the  system  effectiveness. 

Difficulties  of  adsorption  heat  pumps  are  overcome  one  by  one.  Adsorption  heat  pump 
systems  begin  to  find  a  narrow  market  in  industry.  There  are  companies  commercially 
produce  adsorption  chillers  and  present  these  products  to  the  market.  Studies  on 
application  of  adsorption  heat  pumps  for  utilization  of  solar  energy  as  ice  makers  are 
increasingly  continued.  The  recent  developments  in  design  and  elimination  of  some 
problems  of  adsorption  heat  pump  point  out  that  the  application  of  adsorption  heat 
pumps  will  become  widespread  and  popular  in  near  future. 
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